Introduction: Optical delay line buffers will be key components in future optical communications and information processing systems [1] [2] [3] [4] . Recent research results on slow light include experimental demonstration of light speed reduction to 17 m=s in atomic vapour cells using electromagnetically-induced transparency (EIT) [1] , a slowdown factor of more than 31 000 using population oscillations (PO) in pumped quantum well material [3] , and simulations of slow light in tuned photonic crystals [4] .
This Letter reports a theoretical comparison of the capabilities and limitations of slow-light buffers based on a number of technology approaches including EIT, PO and photonic crystal filters. We derive an expression for the delay-bandwidth product of slow-light buffers, which highlights the inherent trade-off between bandwidth and delay. The density of data storage in slow-light buffers is ultimately limited to one bit of data per unit wavelength of device length.
Optical buffer memory:
We consider here an optical buffer memory using an optical delay line of length L. The incoming data comprises a series of packets with optical frequency centred at o 0 . The bit period of the data in each packet is t bit and the baseband bandwidth of the data in each packet is B packet ' 1=t bit for return-to-zero (RZ) data. The optical bandwidth of the packets is Du ¼ Do=2p ' 2B packet . A key parameter that characterises the performance of the buffer is the range over which the delay in the device can be controlled. This controllable range in delays is the storage time T S of the delay line. Another important parameter is the storage-time-bandwidth product (or simply the delay-bandwidth product) T S B packet ¼ T S =t bit . Note that the delay-bandwidth product is equal to the number of stored bits of data in the delay line. Finally, the size L bit ¼ L=(T S B packet ) of each stored data bit (i.e. the size of a bit period) is a measure of the device's potential for miniaturisation.
The group velocity v g in a delay line is defined in terms of the waveguide propagation constant k and the refractive index n(k, o). The group velocity can be made small by ensuring that the material dispersion @n=@o is large or the waveguide dispersion @n=@k is large [5] . In this Letter, we focus on slow light induced by material effects such as EIT and PO, and by waveguide effects produced by photonic crystal filters. In these devices, a wave at optical frequency o propagating with a wave vector k 'feels' that it is travelling in a homogeneous medium with an effective refractive index n(o, k), even if the medium has a nonuniform index distribution n(x, y, z).
We assume here that @n=@o is large [5] and that the fractional optical bandwidth Do=o 0 ( 1. Under these conditions, o ' o 0 and the group velocity is [5] 
We consider now the buffering characteristics of two classes of a slow-light device. The properties of these devices are summarised in Fig.  1. Fig. 1a shows the attenuation and effective refractive index of an ideal slow-light waveguide. The refractive index is a linear function of frequency across the signal bandwidth and has its minimum value n min at the low-frequency side of the signal band. The average effective refractive index across the signal band is n avg and the centre frequency o 0 of the signal is aligned with the centre of the region of the linear slope. Fig. 1b shows the attenuation and real refractive index n of a delay line based on EIT or PO against optical radian frequency o. The ideal characteristic in Fig. 1a has an attenuation that is flat across the signal bandwidth. The EIT characteristic in Fig. 1b has a ' hole' of depth a(o) in the absorption characteristic of the transmission medium, centred at o 0 . This hole in the absorption translates, via the Kramers Kronig relationships, into a region centred on the peak of the hole, where the n against o characteristic is approximately linear and has a large slope. We now consider the 'ideal' device in Fig. 1a . The slope of the effective refractive index characteristic is
From (1), the storage time
and the delay-bandwidth product is
The size L bit of each stored bit is
The density D of stored bits is the inverse of the bit size:
Bandpass slow-light delay lines: In this Section we derive an expression for the slowdown factor in bandpass devices using EIT and similar phenomena. With n ¼ Re p e, where e is the dielectric constant, (1) becomes
The real part of e is related to the imaginary part via the Kramers Kronig relationship. Thus (7) becomes
where PV refers to the Cauchy principal value. We now relate the attenuation to Im e(o). We expand a(o) as a Taylor series around the centre frequency o 0 of the spectral hole. We note that for a symmetrical spectral hole the odd terms in the expansion vanish, and that for a narrow spectral hole, the Taylor series converges rapidly to give a Lorentzian shape for the attenuation
where
is the FWHM bandwidth of the spectral hole. Substituting (9) into (8) with a(o) ¼ ÀonIme(o)=c, and putting T S ¼ L=v g and o 1=2 ¼ Do ¼ 4pB packet , we obtain
and
The simple relationships (3)- (6) and (10)- (12) contain important information about capabilities, limitations and design trade-offs for slow-light optical buffers. They are summarised in Table 1 . Equations (4) and (11) give the delay-bandwidth product for an ideal slow-light device and for an EIT device, respectively. Both equations show that the delay-bandwidth product can be increased by increasing the length of the device, but it is limited by fundamental material propertiesrefractive index for ideal devices and the depth a(o 0 ) of the spectral hole for EIT devices. Both (4) and (11) show how the delay can be increased by decreasing the bandwidth, and vice versa. 
The delay-bandwidth product of an EIT in (11) can never exceed the delay-bandwidth product of the ideal device in (4) . By equating (4) and (11), it can be seen that the maximum value of a(o 0 ) that can be used for slow light by material dispersion engineering is 4p(n avg À n min )=l 0 . For example, if n avg ¼ 3.6 and n min ¼ 2.0, the maximum achievable value of a(o 0 ) at a wavelength of l 0 ¼ 1.55 mm is 1.3 Â 10 7 m
À1
. In recent demonstrations of slow light, values of a(o 0 ) of the order of 10 6 m À1 have been achieved using EIT in atomic vapour cells [1] , and $ 10 5 m À1 using quantum well material [5] . Equation (5) shows that the size of a stored bit in an ideal slow-light device is related to the wavelength of the light. If n avg ) n min , then L bit % l 0 =n avg . In other words, the minimum possible size of a stored bit is approximately one wavelength in the waveguide. For example, if n avg ¼ 3.6, n min ¼ 2.0 and l 0 ¼ 1.55 mm, then L bit ¼ 1.03 mm. It is worth noting that this is of the order of the feature size in state-of-the-art CMOS memory circuits. However, CMOS technology continues to scale to smaller sizes, while the bit size given by (5) is a fundamental limitation. In [1] the size of each equivalent stored bit was L bit $ 110 mm, the delay-bandwidth product was T S B packet ¼ 2.1, and the device length was L ¼ 230 mm, compared with L bit $ 120 mm and T S B packet ¼ 81, and L ¼ 1 cm in [5] . The values of a(o 0 ) in [1] and [5] (see previous paragraph) differ by only an order of magnitude. However, the bandwidth in [1] was relatively small ($300 kHz), while the group velocity was very small. On the other hand, in [5] the bandwidth ($10 GHz) was more than four orders of magnitude larger than in [1] and the group velocity was also much larger. This highlights the fundamental trade-off between storage time and bandwidth, as described in (4) and (11).
Conclusion:
We have quantified the theoretical capabilities and limitations of slow-light optical buffers. We have highlighted a number of key trade-offs between device parameters and device performance.
